This paper reports on a study of the effect of the passage of multi-axle harvesting machines 8 on the soil physical properties. In particular, to determine the effect of the rear tyre of a 9 combine harvester on the amount of soil compaction subsequent to the passage of the front 10 tyre/track. The work was conducted in controlled laboratory conditions to determine the effect 11 of a simulated self propelled combine harvester with a total machine weight of 30 -33 t. This 12 was assessed by embedding talcum powder lines as a tracer in the soil to measure soil 13 displacement and soil density changes. Additionally, dry bulk density and penetrometer 14 resistance were measured. The results showed that the benefit of the rubber track found by 15
Introduction 1 2
This paper is the second in a series of three; it describes an investigation into the effect of 3 multi-axle machine systems on soil compaction in a controlled laboratory environment. It 4 explains the beneficial behaviour of tracks found by Ansorge and Godwin (2007a) -the first 5 paper of the series -which compared the effect of single passes of both tyres and a track on 6 soil compaction. The final paper will extend and develop prediction models to estimate the 7 increase in soil density from both tyres and rubber tracks relating these to the experimental 8 results in the earlier two papers. 9
10
The demand for higher productivity in agriculture leads to growing size and weight of 11 harvest machinery which in turn increases the danger of soil compaction (Raper, 2005) . To 12 oppose this trend, emphasis has to be put on the design of undercarriage systems aiming to 13 
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8
The data is shown in Fig. 4 and compared to a tracked machine which shows that the soil 1 displacement below a tracked machine was not significantly different from that of a wheeled 2 machine of one third of the weight. 3 4 The least significant difference bars (LSD) have all the same length because they compare 5 the overall treatments whereby variability with depth has been taken into consideration. 6 with the undisturbed control. The track data exhibits a higher penetrometer resistance near the 12 surface at approximately 150 mm which then reduces almost exponentially with depth. This 13 indicated that the soil had its greatest strength at the soil surface; however, the penetrometer 14 first needed to fully engage with the soil to show the peak penetrometer resistance. 15
Consequently, the highest reading of penetrometer resistance was about 40 mm below the 16 surface of the rut. Both track treatments were not significantly different from each other, but 17 from the group of tyres. The tyre data in Fig. 5 b was overall more uniform and showed a 18 slightly smaller magnitude at the surface, but larger values below 250 -300 mm than the 19 track. All two axle configurations had similar penetrometer resistance and hence there were 20 no significant differences in penetrometer resistance for the 900mm/10.5t/1.9bar treatments 21 and the 680mm/10.5t/2.2bar treatment. In comparison, the three axle configuration was 22 significantly different from the other wheeled undercarriage treatments due to its lower 23 penetrometer resistance over the entire depth. 24
The increase in penetrometer resistance caused by the rear tyre (500-70mm/4.5t/2.3bar) can 1 be seen in Fig. 6 for both the track and the 900mm/10.5t/1.9bar tyre. In both cases the rear 2 tyre caused a small but significant increase in penetrometer resistance over the full depth 3 range. 4 5 Similar to the data from the soil displacement, the penetrometer resistance caused by an 11t 6 machine was compared to that of a tracked machine in Fig 7. Statistically there were no 7 differences overall. The tracked machine showed its pronounced peak at the surface, however, 8 at a depth of 300 mm the penetrometer resistance merged with that of the lighter wheeled 9 machine, supporting the soil displacement results from Fig. 4 and leading to the overall 10 similarity between the two treatments. 11 12 4.1.3. Dry bulk density 13 14 There were no significant differences in DBD among individual under carriage systems 15 due to the inherent large variations caused by the measurement of DBD shown in Fig. 8 This order corresponded to the measurement of soil displacement shown in Fig. 1, whereby  19 tracks caused a smaller increase in DBD than tyres. The difference of 0.03 g/cm 3 between the 20 two groups was not statistically significant. The tendency of the DBD agreed for gravimetric 21 DBD compared to the estimated increase in DBD utilizing the slope of the soil displacement 22 graphs; i.e. both times the DBD was greater after the wheeled than after the tracked machines. 23
The resolution of the soil displacement measurement was greater than that of the DBD. 24 The small variability within the results satisfies the requirement imposed by Hadas (1994) 3 for a study with small variability when comparing the soil density increase of different 4 treatments. 5 6 For wheeled machinery the findings from Pytka (2005) can be corroborated that the largest 7 part of soil displacement is caused in the first pass. However, Pytka (2005) also reported soil 8 displacement for the 2 nd pass. In contrast, this study showed that the additional soil 9 compaction originating from the subsequent pass could reach zero if the second tyre did not 10 exceed the bearing capacity of the soil created with the first pass as for example with the 11 900mm/10.5t/1.9bar+700mm/4.5t/1.0bar configuration. For the tracked undercarriage systems 12 the strong layer at the surface supported the load without further compaction of the underlying 13 soil. 14 15
The advantage for a rubber track with respect to soil displacement, penetrometer resistance 16 and soil density increase reported by Ansorge and Godwin (2007, a) were maintained after the 17 passage of the rear axle. Therefore the advantages for rubber tracks reported by Bashford et 18 al. (1994) and Rusanov (1991) field study whereby the tracked undercarriage system caused less reduction in hydraulic 23 conductivity than its wheeled counterpart. 24 A three axle tyre configuration with 5 t load per tyre caused similar vertical soil 1 displacement compared to a track with a load of 12 t followed by a rear tyre with a load of 4.5 2
t. An undercarriage unit with a track unit on the front axle and a gross weight of 33 t resulted 3 in a similar vertical soil displacement to that of an 11 t combine harvester on commercially 4 fitted normal front and rear tyre sizes.Therefore machines with either large section width tyres 5 and low payloads or tracked or half tracked vehicles could be the answer to satisfy the 6 demand for increasing agricultural machinery while minimizing soil compaction. The 7 comparison of the soil displacement caused by a half-track combine at 33 t to a wheeled 8 combine harvester at 11 t showed, that modern heavy weight machinery must not necessarily 9 exceed the soil displacement that would have been (or has already been) caused by older 10 lighter machines on medium available tyre sizes. By using smart undercarriage design the 11 demand from Smith and Dickson (1990) for reducing weight in order to reduce soil 12 compaction can therefore be contradicted. Hakansson and Reeder (1994) reported that soil 13 compaction caused by 10 t axle loads penetrated the soil to a depth of 500 mm measurably. 14 Assuming a very weak field situation this is in agreement with the results of this study for 15 wheeled undercarriage systems showing a residual soil displacement between 500 -600 mm 16 depth. In contrast to this soil displacement for half -track undercarriage systems has 17 decreased to zero at about 500 -600 mm depth. The residual soil displacement for wheeled The explanation for the high surface penetration resistance caused by the tracks at a load of 25 considered in this section. Whilst initially of some concern, it is much more easily removed 1 than the deeper compaction caused by the tyres (Ansorge and Godwin, 2007a) . For reduced or 2 no-tillage systems this layer might cause some problems, although Ansorge (2005) found a 3 larger effect of un-tilled wheel ruts than track ruts for broadcast sown oil seed rape. This layer 4 is also of value by reducing the subsequent amount of soil displacement caused by the rear 5 tyres, compared to that following a wheel as shown in Fig. 3 . 6 7 The high penetrometer resistance was thought to originate from either vertical soil 8 compaction close to the surface (possibly by vibrations, pressure peaks from rollers, or long 9 contact time) or the application of shear forces during the passage of the track. 10
11
In a first instance the possibility of a larger vertical soil density increase at the surface will 12 be investigated. If the high penetrometer resistance was caused by vertical soil compaction 13 did not show a peak close to the surface and as shown in Fig. 10 , merging of the data for the 1 track and rear tyres occurred at a depth of less than 300 mm. 2 3 Average contact pressure for the track was virtually identical to that of the 500-4 85mm/4.5t/1.4bar tyre at 83 kPa and 85 kPa, respectively (Ansorge and Godwin, 2007 b) . For 5 the 600mm/4.5t/1.4bar tyre a larger contact pressure of 110 kPa was measured. Nevertheless 6 all three treatments caused similar soil displacement. Thus their increases in soil density agree 7 well with their average contact pressures. As the true pressure distribution underneath a track 8 was not uniform, one could argue that the dense layer was caused by the pressure peaks 9 underneath the track; this was not visible from the study of the vertical soil displacement. 10
Hence, neither both the absolute contact pressure or its distribution could be the cause of the 11 higher penetrometer resistance. The same reasoning applies to vibrations transmitted to the 12 soil and causing compaction. 13
14
Since the peak in penetrometer resistance had no counterpart in the vertical soil 15 displacement curves or in the original soil profiles in the soil bin laboratory, no lateral 16 displacements were found, and we did not measure displacements in the direction of travel 17 our only conclusion can be that these displacements are the source of the hard layer. In turn 18 such motions can only be caused by shear forces in the direction of travel. 19
20
The different slip behaviour of a tyre and a track could be responsible for this increase in 21 soil strength indicated by the peak in penetrometer resistance. Calculating shear displacement 22 resulted in twice the displacement underneath a track compared to that for a tyre according to 23 Wong (2001) . This seems rather strange as the track operated generally at a lower slip (5 %) 24 compared to tyres (10 %) in this investigation (Ansorge, 2005) to develop the same thrustslip velocity underneath the implement over the distance traveled. Hence the long contact area 1 of the track (2.4 m) coupled with constant slip velocity led to a greater total shear 2 displacement. The resulting constant shear strain application over the entire contact length 3 additionally increased plastic shear displacement. Total length of the contact area for the tyre 4 was about half (1.2 m) of that of the track, whereby the slip velocity depended on the position 5 of the soil with respect to the tyre. The highest slip velocity occurs at the beginning of the 6 contact patch when the tyre surface velocity is greater than that of the deformed section of the 7 tyre under its centre line due to differences between the actual and the rolling radius (Wong, 8 2001) . Thus shear strain decreases in traveling direction from the edge of the tyre to the 9 centre. 10 11 This decrease in shear strain can be compared to an impact load allowing for some elastic 12 recovery. The track on the contrary applies the shear force for a greater length and thus an 13 extended period of time thereby compacting the soil horizontally and allowing less elastic 14 recovery due to the spring-damper behavior of the soil. The spring-damper behavior of soil 15 during compaction was exemplarily shown by Aboaba (1969) To investigate the soil movement with depth the columns were divided into a lower and an 6 upper part. The lower 100 mm were taken as a reference basis and hence excluded from the 7 comparison because of the assumption that this depth was not affected by the treatment. The 8 assumption was confirmed by an analysis for the values from the lower 100 mm (track 9 position -0.0008 mm, tyre position +0.0133 mm, LSD 0.51 mm). All parameters used to 10 describe the data did not significantly influence the remaining variation and thus indicated a 11 random distribution of the data around zero (p-values >0.9). For the upper 150 mm tilt, drive 12 unit, and the interaction of tilt with depth were significant parameters describing the variation 13 within the data. The mean position for the rubber track unit of the top 150 mm was -4.45 mm 14 which was significantly different from zero. This compared to a mean position of 2.05 mm for 15 the wheel which was not significantly different from zero with an LSD equal to 2.18 mm. 16
Looking at the assigned tilt variables B, F, and I for both treatments, tilts B and I were 17 negative and tilt F was significantly different from both indicating a positive, i.e. a forward 18 soil movement. 19
In further support of the previous argument for shear displacement causing the peak in 21 penetrometer resistance it is interesting to note that the longitudinal movement which ceases 22 at approximately 150 mm is equivalent to the point where the magnitude of penetrometer 23 resistance drops back to that of the rear tyres (Fig. 10) and even below front tyres (Fig. 6) . 24
Hence it was shown that in this very situation overall the track caused a significant back-1 ward soil movement at the surface whereas the wheel tended to cause a forward soil 2 movement which was not significantly different from zero. As available slip data could not be 3 accurately assigned over the distance the units travelled across the sand columns, it could be 4 argued that the track had positive slip and the tyre negative slip thus causing these differences. 5
However, the sand columns enclose three replications of lug-void cycles over a distance of 6 0.5 m and the data in Fig. 11 and Fig. 12 did not indicate a change in behaviour. Therefore 7 the slip conditions could be regarded as constant with respect to longitudinal soil movement 8 over the distance traveled and as both units are driven, it must be positive slip. Moreover 9 penetrometer resistance randomly taken over the length of the soil bin always showed a 10 higher surface strength for the track. These findings may change under the application of 11 greater thrusts/slips. 12 (2) The effect of the rear axle tyre size had less effect on soil conditions following a front axle 20 track unit than a tyre. Soil displacement increased by 6 mm compared to 12 mm for the 21 tyre over the same depth range and extended to a shallower depth (300 mm) only after the 22 track. This was due to the bearing capacity of the stronger layer in the top 150 mm 23 observed from the penetrometer studies.
(3) A hypothetical three axle tyre configuration with 5 t load caused similar vertical soil 1 displacement compared to track loaded to 12 t followed by a smaller rear tyre loaded to 2 4.5 t. 3 (4) An undercarriage unit with a front axle unit loaded to 33 t resulted in a similar vertical soil 4 displacement to that of an 11 t combine harvester on the commercially fitted normal front 5 and rear tyre sizes. 6 (5) The overall configuration of the undercarriage system of the combine harvester was more 7 important than individual weight on a single axle. 8 (6) The high penetrometer resistance for the track at the surface is caused by the application 9 of shear for a longer period of time than for the tyre leading to a larger shear 10 displacement. This longitudinal movement was limited to the uppermost 150 mm of the 11 soil for both, tyre and track under these conditions. 12 , 680mm/10.5t/2.2bar; ×, 900mm/10.5t/1.9bar; +, 800mm/10.5t/2.5bar; ♦, 22 800mm/10.5t/1.25bar; 23 Figure 10. Penetrometer resistances for rear tyres and track at 12 t. Δ, Control; •, 24 600mm/4.5t/1.4bar; +, 500/85mm/4.5t/1.4bar; ■, Track12t ; , LSD at 95% 25 confidence level 26 
■, 4
Track+700mm/4.5t /1.0bar; □, Δ, ×, 900mm/10.5t/1.9bar+700mm/4.5t/1.0bar; +, ♦, 900mm/5t/0.5bar Track+700mm/4.5t/1.0bar; ○, ×, 900mm/10.5t/1.9bar alone; +, 900mm/10.5t/1.9bar 6 +700mm/4.5t/1.0bar; ◊, 
